Alzheimer\'s disease (AD) is the most common form of dementia in the elderly and is characterized as a neurodegenerative disorder with relentless progression that affects more than 35 million patients worldwide (about 5 million patients aged 64 and older in the United States, 2013) \[[@B1][@B2]\]. A prominent pathological feature of AD is the structural abnormality which is caused by the formation of cerebral plaques resulting in neuritic dystrophy and neurofibrillary tangles in the brain. Numerous studies suggest that AD pathogenesis may be triggered by accumulation of amyloid-β peptide (Aβ) due to overproduction of the peptide and/or dysfunctional clearance machinery for misfolded proteins \[[@B3]\]. Aβ is generated by cleavage of the Aβ precursor protein and has the ability to self-aggregate into various sizes of oligomers, which form neuritic plaques. Aβ aggregates inhibit mitochondrial activity, alter intracellular calcium levels and stimulate oxidative and inflammatory processes and apoptotic cell death. Thus the accumulation of Aβ oligomers contributes to the failure of excitatory synaptic transmission and further cognitive impairment by neurodegeneration in AD. Despite intensive efforts toward alleviation of AD progress (such as treatment of anti-oxidative agents, cell-based replacement and surgical trials), there has been no effective therapeutic breakthrough. Natural resources as functional food materials are emerging as an alternative treatment for protection from neuronal loss.

*Gastrodia elata* (GE) is traditionally used for the treatment of a variety of disorders. Recent reports demonstrated its efficacy on convulsions \[[@B4][@B5]\], the cardiovascular system \[[@B6][@B7]\], neuro-modulation \[[@B8][@B9]\] and cognitive functions \[[@B10]\]. A proteomic approach showed stress-related protein expression was decreased and neuroprotective genes were mobilized when neuronal cells were treated with GE, suggesting the neuroprotective or -regenerative effects of the herb \[[@B11]\]. The present study describes the *in vitro* neuroprotective effect of the aqueous extract from GE on Aβ aggregate-treated neuronal cells. In addition, an ameliorating influence of the extract on memory impairment (mimicking AD pathophysiology) is illustrated based on the passive avoidance test and the Morris water maze test *in vivo* using scopolamine-treated rats. Our findings have implications for evaluating GE as a functional food material to improve memory impairment or deficits, especially in the context of neurodegenerative diseases such as AD.

Materials and Methods
=====================

Preparation of Gastrodia elata extract
--------------------------------------

GE was cultivated at Muju, Jeollabuk-do, South Korea. Harvested GE was dried at 20-30℃ for 2 days followed by a steaming process (steaming at 90℃ for 12 hr followed by drying for 12 hr) that was repeated four times. Steamed GE was extracted in distilled water (150 kg of GE in 1,500 L of water) at 100℃ for 12 hr. After filtration, the extract was mixed with brown sugar at a 3:1 ratio by weight and ripened at 36-45℃ for 4-5 days. Ripened extract was freeze-dried at 50-55℃ for 7-8 hr. The concentrated GE extract was freshly prepared by diluting at the designated concentrations in distilled, sterilized water on the day of use and sample preps were filtered through a 0.22 µm filter and maintained in a refrigerator until used in experiments.

Cell culture
------------

PC12 cells derived from rat pheochromocytoma were obtained from the Korean Cell Line Bank (Seoul, South Korea) and maintained in culture medium containing RPMI1640 supplemented with 10% fetal bovine serum and1% penicillin-streptomycin (All from Invitrogen, Carlsbad, CA) in culture incubator (37℃, 5% CO~2~, humidified)

Cell viability assay
--------------------

To test cytotoxicity of β-amyloid (25-35) peptides (Aβ; American Peptide Company, Sunnyvale, CA) and cell protective effect of GE, PC12 cells were cultured with various concentrations of Aβ and/or GE sample. A WST-1 assay kit (EZ-Cytox; Daeil Lab service, Seoul, South Korea) was used according to the manufacturer instructions. Briefly, cells were plated in a 96-well plate at a cell number of 2×10^4^ cells/well in 90 µL and pre-incubated for 24 hr. Then, Aβ alone (5, 10, 20, 40, 50, 70 and 100 µM; pre-aggregated in PBS for 1 week before used) for the Aβ-induced cytotoxicity test or GE extract (0.01-30 mg/mL, 1 hr before treatment with 50 µM of Aβ) for GE-mediated cell death protection test were applied to the cells. After a 48 hr-incubation under treatment conditions, 10 µL of WST-1 solution was added and a 1-hr reaction was permitted. The absorbance was measured at 490 nm (*A*~260~) using the VMAX microplate reader (Molecular devices, LLC, Sunnyvale, CA, USA). Cell viability was calculated by the following equation: Cell viability (%)=(*A*~260~ of sample-*A*~260~ of blank)/(*A*~260~ of control-*A*~260~ of blank)×100

Experimental animals
--------------------

All animal studies were conducted according to the guidelines of the Committee on Care and Use of Laboratory Animals of the Wonkwang University (approval number: WKU13-27). Five-week old Sprague-Dawley rats weighing 120-150 g were purchased from Samtako Inc. (Gyunggi-do, South Korea). After adaptation for 1 week under a 12-hr light/12-hr dark regimen (temperature, 20-24℃; humidity, 45-55%; illumination, 150-300 lux) with access to food and water *ad libitum*, 6-week-old rats (160-200 g) were used in this study.

Sample treatment
----------------

Fifty Sprague-Dawley rats were randomly assigned to five groups (10 rats per group): No treated, only scopolamine-injected (no sample treated), GE-administered at three different concentrations \[GE~low~ (50mg of sample/kg of body weight), GE~mid~ (250 mg/kg), and GE~high~ (500 mg/kg)\] with scopolamine-injected (1 mg/kg of body weight). The GE sample was orally administered using a gastric sonde attached to a syringe on a daily basis for up to 6 weeks. Scopolamine was intraperitoneally injected.

Passive avoidance test
----------------------

To evaluate contextual fear-motivated learning and memory, the LeDoux method \[[@B12]\] was used with minor modifications in the fifth week. Briefly, the test chamber was sectioned into two compartments (light and dark; 25 cm×20 cm×30 cm each) by a guillotine door. For the training trial, animals were placed in the dark compartment with the door closed. After 10 sec, the door was open, and an electrical foot shock (moment maximum voltage, 500 V) was delivered for 2 sec in the dark compartment while the light compartment was illuminated. Animals learned to associate room properties with the foot shock. The latency for the animals to move to the light from the dark in order to avoid the shock was used as an indicator of learning and memory. Training was carried out 3 times a day for 5 days before the test. A test trial was implemented 1 day after the last training trial. Next, 90 min before the test trial animals were transferred to the behavioral test room and artificial hypomnesia was induced in the animals, with the exception of the normal group, by intraperitoneal injection of scopolamine (1 mg/kg of body weight). For the test trial, animals were placed in the dark compartment with no electrical shock. The latency to escape the dark compartment by passing through the door was measured. Shorter times indicated improvement in learning and memory. The test proceeded for 180 sec. After each session of the test, the chamber was cleaned with 70% ethanol to remove any scent from the previous session.

Morris water maze test
----------------------

To evaluate spatial learning and memory, Morris\' method was applied during experimental weeks three and four. The water maze was a white circular pool (diameter, 150 cm; height, 65 cm; featureless inner-surface) filled with water to a height of 50 cm. A white platform (diameter: 10 cm; height: 45 cm) was established and submerged 5 cm below the water surface. Styrofoam beads were added to make the platform invisible and the water temperature was adjusted to 23-27℃. For training before the test trials, the animal was permitted to stay for 10 sec once it successfully reached the platform. If the animal failed to locate the platform in 180 sec, it was placed on the platform for 10 sec to learn and memorize the location of the platform. Training was implemented twice a day and 3 days a week for 1 week. Test trials were repeated twice with a 20-min interval for each animal. The escape latency (time taken for the animal to swim to the platform) was measured and the values were averaged. As above, scopolamine (1 mg/kg body weight) was injected intraperitoneally 90 min before the test trial to induce AD-like features in the animals, with the exception of the animals in the normal group.

Statistical analysis
--------------------

The data were analyzed by one-way ANOVA (analysis of variance) test. To determine statistical significance, Duncan\'s multiple range test was performed with adjustments for the *P* values less than an α of 0.05. Statistical differences were presented by different alphabetical letters.

Results
=======

Protective effect against Aβ-induced neural cell death
------------------------------------------------------

To test the cytotoxicity of GE, PC12 cells were treated with various concentrations of GE sample (0, 0.01, 0.05, 0.5, 1, 5, 10, 20 and 30 mg/mL) for 1 hr followed by cell viability assay. Results showed that ≥91% of the cells were viable at concentrations ≤10 mg/mL of GE ([Figure 1A](#F1){ref-type="fig"}). However, average cell viabilities at 20 mg/mL and 30 mg/mL GE conditions were 65 and 47%, respectively. For further experiments, ≤10 mg/mL of GE were applied to PC12 cells.

To determine the concentration of Aβ toxic to neural cells, PC12 cells were treated with pre-aggregated Aβ at various concentrations (0, 5, 10, 20, 40, 50, 70 and 100 µM) for 48 hr. After cell viability testing, cytotoxicity was computed based on absorbance and normalized to control conditions (no Aβ treatment). Our data showed that PC12 cell viability was significantly deceased in Aβ-treated conditions compared to the control group ([Figure 1B](#F1){ref-type="fig"}); 50 µM of Aβ treatment resulted in an approximately 50% reduction in viable PC12 cells.

To examine the neuroprotective effects of GE, PC12 cells were pre-cultured with various concentrations of GE sample (0, 0.01, 0.05, 0.5, 1, 5 and 10 mg/mL) for 1 hr and then treated with Aβ (50 µM) for 48 hr. Results from the cell viability test showed that the susceptibility of PC12 cells to Aβ treatment at the cytotoxic level significantly decreased with GE treatment compared to none-GE treatment conditions ([Figure 1C](#F1){ref-type="fig"}). This finding indicated that GE had a protective effect on Aβ-induced cell death *in vitro*.

Changes in body weight, food intake and water intake of rats after administration of GE extract
-----------------------------------------------------------------------------------------------

To evaluate the effects of a daily regimen of GE extract on feeding *in vivo*, 6-week-old rats were orally administered three different concentrations of GE extract (50, 250 and 500 mg/kg of body weight) for 6 weeks on a daily basis. Weekly changes in body weight, food intake and water intake were monitored for each animal and compared among the groups ([Figure 2](#F2){ref-type="fig"}). As shown in the graphs in [Figure 2](#F2){ref-type="fig"}, there were no significant differences among the five groups (no treatment vs only scopolamine-injected vs GE-administered at three different concentrations and scopolamine-injected) in each discipline ([Figure 2A](#F2){ref-type="fig"} for body weight; [2B](#F2){ref-type="fig"} for food intake; [2C](#F2){ref-type="fig"} for water intake).

Improvement of learning and memory capability in scopolamine-treated rats
-------------------------------------------------------------------------

To investigate the influence of the GE regimen on learning and memory *in vivo*, the passive avoidance and Morris water maze tests were performed using an acute hypomnesic animal model after prolonged oral administration of GE extract. Intraperitoneal injection of scopolamine is known to induce memory impairment. Thus, rats received GE extract at three different concentrations and were trained to escape from a given circumstance, as described above in the method section. On the day of testing, acute memory impairment was induced by scopolamine treatment and the behavioral test was carried out. Data from passive avoidance testing demonstrated that (i) escape latency time for scopolamine-injected rats (control) was significantly longer than that for normal rats (180 sec vs 69 sec) and (ii) GE extract-administered rats showed significantly shorter latency time compared to the control group ([Figure 3A](#F3){ref-type="fig"}). In the Morris water maze test, we observed that (i) the average escape latency time of the control group (scopolamine-injected) was significantly higher than it was in the normal group (102 sec vs 21 sec) and (ii) the latency time of the GE extract-treated rats was significantly shorter than seen in the non-treated rats ([Figure 3B](#F3){ref-type="fig"}). These results based on the two behavioral tests suggest that oral administration of GE extract for a prolonged period alleviates scopolamine-induced memory impairment.

Discussion
==========

GE is a medicinal herb that has shown promising results in the treatment of neurodegenerative disorders such as AD. In this study, we evaluated the protective effect of aqueous GE extract on Aβ-induced neuronal cell death as well as memory impairment. Our *in vitro* and *in vivo* results demonstrated that (i) Aβ-induced PC12 cell death was decreased with GE treatment and (ii) acute artificial hypomnesia in rats was mitigated by prolonged oral administration of GE extract.

*In vitro* results from the present study imply that GE treatment can protect against neuronal cell death which may be induced by the accumulation of Aβ aggregates. AD is a progressive neurodegenerative disorder that is characterized by cognitive decline affecting memory, judgment, and reasoning. According to the \'amyloid hypothesis\' established on the basis of genetic studies \[[@B2][@B13]\], an imbalance between generation and clearance resulting in aggregation of Aβ in the brain is believed to be the primary cause of AD-related pathogenic development involving the formation of neurofibrillary tangles, synaptic dysfunction and neuronal cell death \[[@B1][@B14]\]. In particular, Aβ (25-35) is known as the neurotoxic domain of the full-length Aβ, which affects neuronal function and causes learning and memory impairments \[[@B14]\].

Our data showed that pre-aggregated Aβ has induced cytotoxicity to PC12 cells and Aβ-induced cell death was prominently attenuated by GE treatment. These results are consistent with previous reports demonstrating that aqueous GE extract treatment augmented levels of neuroprotection-related proteins in neuronal N2a cells \[[@B11]\] or reduced Aβ-induced neurodegeneration in *Drosophila* \[[@B15]\]. Based on these biochemical studies, it is speculated that the neuroprotective effect of GE may be through reduction of oxidative stress and/or inhibition of apoptosis \[[@B11][@B15]\].

In addition, our data from the rat behavioral tests illustrate that GE administration can ameliorate memory impairment in the context of amnesia. Disruption of cholinergic neurotransmitter system is a pathological feature of the early stage of AD \[[@B16][@B17][@B18]\]. The cholinergic system is involved in memory storage and retrieval of information during learning \[[@B17]\]. The blockage of muscarinic receptors induces memory dysfunction, which is generally displayed in AD patients \[[@B19]\]. Scopolamine is a nonselective antagonist with activity against muscarinic receptors, which inhibits cholinergic neurotransmission with no alteration in concentrations of acetylcholinesterase or muscarinic receptors and induces memory impairment and cognitive deficits \[[@B18][@B20]\]. Therefore, scopolamine is widely used to artificially produce amnesic or AD models.

In this study, our *in vivo* behavioral tests revealed that scopolamine injection in normal rats induced impairments in learning and memory and that GE extract reversed scopolamine-induced memory defects. The findings suggest that GE could be a preventive or therapeutic candidate for AD treatment. Further intensive study may be required to identify molecular mechanisms to explain the efficacy of GE extract in alleviating AD pathogenesis.

Among the numerous compounds identified from GE, the primarily active constituents are gastrodin and ρ-hydroxybenzyl alcohol \[[@B21][@B22]\]. Gastrodin (GAS) is a phenolic glucoside composed of glucose and ρ-hydroxybenzyl alcohol (HBA); HBA is a metabolite of GAS \[[@B4]\]. GAS is known to have mitigative, anticonvulsive and neuroprotective effects \[[@B4][@B23][@B24][@B25]\] due to its strong anti-inflammatory and antioxidant activity \[[@B26][@B27][@B28]\]. Previous studies described the quantification of GAS and HBA in various biological samples. For example, after intravenous administration \[[@B29][@B30][@B31][@B32]\], (a) immediately after the injection of GAS, GAS was rapidly decomposed to HBA, (b) GAS and HBA were found in the brain, especially the cerebellum, even though their concentrations were very low, suggesting both GAS and HBA might be able to pass through the blood-brain barrier, and (c) both GAS and HBA levels in the blood, brain and bile peaked earlier than 30 min and rapidly declined within 240 min and they were excreted in the urine. In addition, the bioavailability of orally-administered GAS was influenced by the co-administration of other substances \[[@B33][@B34]\]. Our *in vitro* and *in vivo* observations in the present study on the efficacy of GE are consistent with these previous results demonstrating neuroprotective and impaired memory-ameliorating effects. These effects of GE extract may be caused by the bioactive compounds contained in the extract. To confirm the functionality of GE and maximize its biological activities, further physiological research in combination with advanced food processing technologies is required.

In conclusion, to examine the neuroprotective effect of GE extract, Aβ-treated PC12 cells were cultured in the presence of various concentrations of the extract. At concentrations of ≤10 mg/mL, greater than 97% of PC12 cells were viable. In the presence of cytotoxic Aβ, GE extract treatment significantly enhanced cell viability in a dose-dependent manner. To investigate the effect of GE extract on learning and memory *in vivo*, the passive avoidance test and the Morris water maze test were performed using scopolamine-treated Sprague-Dawley rats. Our data indicated that (i) scopolamine-treated rats in both tests showed significantly longer escape latency than non-treated normal rats and (ii) the escape latency period for scopolamine-treated rats was significantly decreased with administration of GE extract. Therefore, these results demonstrated that GE extract may have a protective effect against Aβ-mediated neuronal cell death and improve learning and memory in a hypomnesic animal model with prolonged treatment. The findings in this study suggest that GE might serve as a functional food material for amelioration of memory loss, improvement of learning and prevention of neuronal cell loss related to AD.
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![Protective effect of GE against Aβ-induced neural cell death. (A) Cytotoxicity of GE sample at 0, 0.01, 0.05, 0.5, 1, 5, 10, 20 and 30 mg/mL applied to PC12 cells was examined. Relative cell viability normalized to the control (100, 96, 93, 94, 95, 93, 91, 65, and 47% at each concentration) decreased in a dose-dependent manner. N=5; error bars, mean±SEM. (B) Cytotoxicity of PC12 cells treated with pre-aggregated Aβ at 0, 5, 10, 20, 40, 50, 70 and 100 µM was assayed. Relative cell viability (normalized to the control; 100% at the 0-µM-treated condition) was decreased in a dose-dependent manner, 88.3, 78.9, 77.8, 62.9, 56.8, 42.8, and 23.4% on average at each respective concentration. N=5; error bars, mean±SEM. (C) The neural cell protective effect of GE against Aβ-induced cytotoxicity was evaluated. PC12 cells were pretreated with GE at various concentrations (0-10 mg/mL) for 1 hr and cultured in the presence of 50 µM of Aβ for 48 hr. Cell viability under GE-treated conditions were significantly higher compared to controls (no GE-treated). N=7; error bars, mean±SEM.](lar-31-69-g001){#F1}

![Weekly changes in the body weight, food intake and water intake. Sprague-Dawley rats were randomly assigned to five different groups (10 rats per group): No treatment, only scopolamine-treated, and GE extract and scopolamine-treated groups \[GE~low~ (50 mg of sample/kg of body weight), GE~mid~ (250 mg/kg) and GE~high~ (500 mg/kg)\]. Body weight (A), food intake (B) and water intake (C) were monitored on a weekly basis for 7 weeks and within-group measurements for each week were averaged. There were no significant differences observed over the study period.](lar-31-69-g002){#F2}

![Ameliorative efficacy of oral administration of GE extract on memory impairment. Sprague-Dawley rats were randomly assigned to five different groups (10 rats per group): No treatment, only scopolamine-treated, and GE extract-administered at three different concentrations (50, 250 and 500 mg/kg body weight) with scopolamine-treated. Before learning and memory tests (A, passive avoidance test; B, Morris water maze test), rats were treated according to the experimental group and trained multiple times for a week to escape from the given circumstances. After training, acute memory impairment was induced by an intraperitoneal injection of scopolamine (1 mg/kg of body weight) on the day of the test. (A) Results from the passive avoidance test showed that the escape latency time was maximized to 180 sec for the scopolamine-injected group (control) compared to that for the normal group (69 sec). The latency time was significantly lowered in the groups that received GE extract treatment compared to controls. (B) Data from the Morris water maze test showed that prolonged administration of GE extract to the scopolamine-treated rat hypomnesic model decreased the escape latency time compared to the control group (no GE extract treatment).](lar-31-69-g003){#F3}
